One contribution of 12 to a theme issue 'Synthetic glycobiology'. The glycocalyx is an information-dense network of biomacromolecules extensively modified through glycosylation that populates the cellular boundary. The glycocalyx regulates biological events ranging from cellular protection and adhesion to signalling and differentiation. Owing to the characteristically weak interactions between individual glycans and their protein binding partners, multivalency of glycan presentation is required for the high-avidity interactions needed to trigger cellular responses. As such, biological recognition at the glycocalyx interface is determined by both the structure of glycans that are present as well as their spatial distribution. While genetic and biochemical approaches have proven powerful in controlling glycan composition, modulating the three-dimensional complexity of the cell-surface 'glycoscape' at the sub-micrometre scale remains a considerable challenge in the field. This focused review highlights recent advances in glycocalyx engineering using synthetic nanoscale glycomaterials, which allows for controlled de novo assembly of complexity with precision not accessible with traditional molecular biology tools. We discuss several exciting new studies in the field that demonstrate the power of precision glycocalyx editing in living cells in revealing and controlling the complex mechanisms by which the glycocalyx regulates biological processes.
Introduction
The cellular glycocalyx [1] , a biological interface composed of membrane-bound glycolipids and glycoproteins, controls major biological events including protection from pathogens, regulation of immune responses and mediation of cellular communication, among others [2] . The complexity of the glycocalyx, which is the product of the combined chemical diversity of its glycan structures and their lipid and protein carriers, can be advantageous from a biological standpoint but complicates its study and manipulation (figure 1). While individual glycans provide a structural basis for affinity and selectivity in protein recognition, their nanoscale organization within glycoconjugates and across the glycocalyx dictate the localization and extent of their activity [1] . As such, the 'glycoscape' at the cell surface needs to be considered in its entirety to fully understand the biological processes occurring at the cell surface.
One important outcome of evolution is the selection of glycans to serve as chemical determinants of 'self' at the surfaces of cells [3] , while providing a barrier against pathogenic invasion (figure 1). The non-templated biosynthesis of glycoconjugates offers a means to rapidly generate unique molecular signatures to limit the adhesion of pathogens, which constantly adapt to exploit cell-surface glycans to enter the cell [4] . Interestingly, as the glycoscape continuously changes to minimize pathogenic threats, it must maintain its unique 'self' signature to avoid triggering an immune response. The centrality of glycans in these two concurrent but divergent functions raises the intriguing question of what molecular patterns define 'self' at the cell surface.
The mammalian glycome is constructed from a relatively small pool of building blocks (approx. 10 monosaccharides) [5] . While still affording a vast structural space of possible linear and branched glycans, only a small fraction of this space is actually occupied based on the availability and specificity of glycosyltransferase enzymes that catalyse the formation of glycosidic bonds [5] . To overcome the limitations on the diversity of biosynthetically accessible glycan structures, additional complexity can be derived from glycan presentation in glycoconjugates and the distribution of the glycoconjugates throughout the glycocalyx. The individual glycan structures can be organized within the glycocalyx to present unique molecular patterns, which are recognized by the various components of the innate and adaptive immune systems (figure 1) [6, 7] . Since the most accessible terminal glycan modifications (e.g. sialic acids) are often the target of protein receptors, it is conceivable that the molecular patterns that define 'self' may be assembled from diverse set of glycans, as long as the terminal modifications are attached through an appropriate glycosidic linkage needed for recognition and are optimally distributed within the glycocalyx [7] .
Understanding the ways in which cells use glycan presentation to maintain a specific 'signal' within the 'noise' of the evolving glycocalyx will be critical to fully account for the various biological functions of glycans. Defining how the spatial organization of glycans determines biological responses should be of great interest to the biomedical community for its potential value in the development of therapeutics that discriminate between host cells and pathogens or that harness the protective functions of the immune response for therapeutic gain [8, 9] .
Answering these questions will necessitate systematic cataloguing of the composition and spatial organization of the glycocalyx and correlating this information with its biological functions. Current techniques to control the composition of the glycocalyx [10, 11] rely primarily on genetic [12] , approaches that target the expression of specific glycan biosynthesis enzymes to influence glycan assembly, chemoenzymatic methods [13] for editing of existing cell-surface glycan structures, and metabolic strategies [14] for the introduction of non-natural monosaccharide modifications across the glycome. While powerful, these techniques result in the addition or subtraction of a specific glycan feature across entire classes of glycoconjugates and, thus, induce a global perturbation in the glycocalyx without control over cell-surface presentation and nanoscale organization.
More recently, efforts to recapitulate the structural and organizational complexity of the glycocalyx have borrowed from synthetic biology; chemical tools have enabled the synthesis of nanoscale glycomaterials that mimic the various components of the glycocalyx and can be used to edit or even build synthetic glycoscapes on the surface of living cells (figure 2). Our aim is to highlight some recent advances in the field of synthetic glycobiology that enable the creation of a de novo display of glycans, glycoconjugates and mimetics in analytical platforms and on surfaces of living cells with enhanced spatial and temporal control over glycan structure and organization. Sometimes referred to as 'precision glycocalyx editing', this approach is becoming increasingly integrated with more traditional methods aiming to answer fundamental questions in glycobiology.
In principle, the bottom-up nature of precision glycocalyx editing allows for the assembly of cellular glycoscapes composed of virtually unlimited combinations of glycan structures and macromolecular scaffolds. However, the power of this approach will ultimately lie in the ability to reliably recapitulate biologically relevant architectures found within the native glycocalyx. The glycocalyx has so far resisted detailed characterization of its composition and organization at the molecular level. However, advances in MS-based glycoproteomics, super resolution optical imaging and cryoelectron microscopy, and chemical approaches to capture and spatially correlate interactions within the glycocalyx provide hope for a more clear view of the cellular glycocalyx and its biological functions in the near future.
Nanoscale mimetics of macromolecular constituents of the glycocalyx
Synthetic glycomaterials have long provided a vital tool for analysing glycan protein interactions [15] . Used extensively as soluble ligands with controlled multivalent glycan presentation, they have helped reveal the mechanisms that allow glycan-binding proteins to recognize and engage glycan displays on glycoproteins to transfer biological information [16] [17] [18] . Modern macromolecular synthesis methods and protein-and nucleic acid-templated [19] material assembly strategies provide access to chemically defined one-dimensional royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180080 linear glycopolymers [20] , three-dimensional glycodendrimers [21] and even extended two-dimensional glycoarrays [22] where individual glycans can be presented with exquisite control over glycan valency and spatial organization at the nanometre scale ( figure 2 ). Among the many contributions to the field over the last three decades [23] , some studies stand out as particularly powerful examples of the utility of synthetic glycomaterials in revealing the mechanisms that underpin the biological recognition of glycans. In a series of early reports, the groups of Bovin, Whitesides and Kiessling employed linear glycopolymers to investigate the effects of glycan valency and spacing on the avidity of viral haemagglutinin [24, 25] and lectin [26, 27] binding. Notably, the Kiessling group later developed a set of simple high-throughput assays that allowed them to delineate the relationships between the nanoscale architecture of macromolecular glycoconjugates (i.e. compact globular versus extended linear structures) and their ability to promote distinct binding events such as lectin inhibition or receptor clustering [16] . Since these pioneering studies, a wide range of glycoconjugate mimetic scaffold architectures have been proposed and investigated as inhibitors or modulators of glycan-binding receptor activities with an eye toward biomedical applications [28, 29] . More recently, the predictability and programmability of the nucleic acid assembly into nanoscale materials has enabled the generation of glycomaterials with sub-nanometre precision in glycan presentation. These advanced materials have provided further insights into royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180080 glycan interactions in a biological context [30, 31] , allowing for controlled assembly of glycan microheterogeneity [32] and the selection of optimal glycoconjugate-receptor pairs using dynamic assembly [19] and directed evolution [33, 34] of glycoconjugates.
Static surface-supported glycocalyx models
As nanoscale glycomaterials became indispensable tools for probing the molecular interactions of glycoconjugates with glycan-binding proteins, it became evident that the properties of glycoconjugates in solution could not fully recapitulate their ensemble behaviour at surfaces. For instance, glycans functionalized with alkanethiolates forming self-assembled monolayers (SAM) on gold surfaces revealed that the modulation of surface glycan density can result in a switch in lectin-binding specificity and may act as an 'on-off' switch for downstream biological processes [35] . Similarly, variations in macromolecular glycoconjugate and polysaccharide architecture and surface grafting density introduce additional considerations for evaluating their recognition by glycan-binding proteins (figure 2). The immobilization of macromolecular glycoconjugates on surfaces can enhance multivalency and avidity of glycan displays [36] but also alter their molecular conformation and dynamics (e.g. mushroom to brush polymer transitions) affecting protein diffusion [37, 38] . A close proximity of glycoconjugates on surfaces can also promote higher-order binding interactions, such as cross-linking of neighbouring glycoconjugates by multimeric lectins (figure 3) [39] . An intriguing property of surface glycoconjugate displays is the possibility to generate glycocalyx models with spatially addressable structural complexity. It is increasingly recognized that changes in the microheterogeneity of glycan environments within the cellular glycocalyx can have a profound influence on cellular functions [40] . The glycan microarray provides a powerful platform for rapid profiling of protein interactions with surface-immobilized glycans [41] . Established initially as a way to present individual glycans [42] , the array concept was later expanded to include well-defined synthetic glycoconjugates, such as neo-glycoproteins [43, 44] , glycodendrimers [45] or glycopolymers [39, 46, 47] , allowing for presentation of glycans in a number of modes with control over scaffold geometry, glycan valency and spacing, and surface density of glycoconjugates. Most recently, glycan arrays prepared by immobilization of glycan mixtures within individual spots revealed that the presence of neighbouring glycans may result in higher avidity antibody binding to target epitope and that both density and structure of neighbouring glycans can effect recognition (figure 3) [48, 49] . These findings confirmed that glycan microheterogeneity within the cellular glycocalyx should be an important consideration in the development of therapeutics targeting glycocalyx structures on pathogens as well as human cells.
One advantage of static surface-immobilized glycan displays is the ability to use advances in micro-and nanofabrication technologies and high-resolution imaging techniques to create and characterize high information-content arrays. Microcontact printing of pre-functionalized glycomaterials [50] or surface-initiated de novo glycoconjugate synthesis using beam pen lithography [51] provides two examples illustrating the emerging opportunities for building increasingly complex models of the glycocalyx on solid supports.
Dynamic membrane-supported glycocalyx models
Despite the convenience and utility of glycoconjugate presentation on solid surfaces, these displays fail to capture the dynamic features of the native glycocalyx. There, the lateral membrane diffusion of individual glycoconjugates components is permitted and results in a highly adaptable environment in which molecular interactions occur. This property of the glycocalyx can be critical for its ability to modulate processes such as receptor clustering, formation of the immunological synapse or mediation of host-pathogen interactions ( figure 3 ). The supported lipid bilayer [52] serves as an excellent experimental model of the fluid plasma membrane of cells to study glycocalyx-associated phenomena [53, 54] . Supported lipid bilayer experiments have provided important insights into the effects of glycolipid density and clustering on their recognition by soluble lectins [55] , as well as by the more complex arrays of glycan-binding receptors on the surfaces of viruses [56] and bacteria [57] . The supported bilayer system can also be used to investigate the behaviour of macromolecular glycoconjugates in membranes. royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180080 the tendency of these materials to accommodate upright orientations and project distally from the membrane surface while retaining lateral mobility in the lipid bilayer [58] . Similarly, dynamic surface presentations of hyaluronic acid and heparan sulfate (HS) glycosaminoglycan (GAG) polysaccharides in supported lipid bilayers have provided insights into biophysical behaviour, mobility and molecular recognition within sterically crowded glycocalyx environments [38] . The observed changes in GAG organization and behaviour induced by protein binding and cross-linking suggest that growth factor and cytokine activity may not be limited to receptor activation but that altered glycocalyx dynamics may also contribute to signalling events.
In an effort to create increasingly realistic and complex models of the cell surface, it has become apparent that additional features of the cell surface, such as curvature and the related capacity to undergo membrane fusion and vesicle budding, need to be considered. This is particularly relevant as the changes in glycocalyx composition and the generation of membrane curvatures and shapes are locked in an intimate reciprocal relationship [59, 60] . The development of protocells with well-defined surface glycan displays offers an elegant solution to this challenge. Giant unilamellar vesicles (GUVs) serve as an artificial cell membrane upon which a synthetic glycocalyx can be constructed using cholesterol-modified glycopeptides (figure 3) [61] . The glycocalyx structures can be incorporated into the membrane by electroformation with lipids during GUV formation or by spiking of pre-formed vesicles. Interestingly, in phase-separated GUVs, the glycopeptides preferentially localized to the liquid-disordered domain, thus introducing a means by which to control the spatial organization of glycoconjugates on the protocell surface. Systematic modification of the glycopeptide scaffold using a series of orthogonal click reactions to introduce combinations of anchors, optical probes for visualization and glycans provided access to compositionally diverse materials for functional glycan-receptor pairing [62] . The platform proved to be an effective tool for studying the role of ABO blood group antigen on malarial rosetting, as it allowed for systematic presentation of the blood group antigen of interest on otherwise identical cells [63] . This approach led to the demonstration of receptor-specific malarial cell aggregation, or rosetting, by the P. falciparum parasites based on the structure of blood group antigens. Importantly, the protocell also offers an experimental system in which glycan interactions can be evaluated in the context of the assembly and organization of more complex higher-order multicellular systems [64, 65] . Protocell designs based on the self-assembly of glycosylated amphiphilic block copolymers and glycodendrimersomes have also recently emerged to model pathogen interactions with the glycocalyx of host cells [66] and to rapidly evaluate the surface cross-linking and aggregation capacity of galectins in response to changes in compositional microheterogeneity of glycolipid patches [67] , respectively. Together, these studies demonstrate the power of dynamic synthetic models of the cell surface for uncovering how the spatial and organizational complexity of the cellular glycocalyx influences molecular interactions at the cellular boundary. They provide a foundation for further exploration of this intricate biological interface to ultimately identify molecular patterns that constitute the markers of 'self' and 'non-self' and how these signals are maintained in the rapidly evolving glycocalyx environment.
Precision glycocalyx editing in living cells
While synthetic models of the cellular glycocalyx have been instrumental in developing the concepts of avidity in glycan interactions and delineating the mechanisms that underlie molecular interaction of glycans at the cell surface, ultimately these findings need to be brought into the context of cellular functions. Not surprisingly, developing approaches to control glycan presentation within the glycocalyx of living cells has been an area of intense focus [11, 68] . Early work focused on applying genetic [69] , enzymatic [13] and chemical [70] strategies to remove or add unique glycosylation motifs to cell-surface structures. More recently, these efforts have shifted toward the development of methods for building spatially and organizationally complex glycoscapes at the cell surface with greater precision with respect to glycan organization and localization to enable the study of complex biological processes, including signalling, differentiation and tissue morphogenesis.
Among the examples illustrating the power of chemoenzymatic glycan engineering with exogenous glycosyltransferases are studies linking the regioselectivity of sialic acid linkages to underlying glycan structures on cell surfaces to host-specificity of Influenza A viruses [71] or demonstrating that the conversion of the CD44 glycoform into an E-selectin ligand via the addition of a-1,3-linked fucose can promote mesenchymal stem cell homing into bone marrow [72] . Chemoenzymatic glycosylation alters the structure of all acceptable enzyme substrates within the glycocalyx, limiting the ability to modify specific sets of glycoconjugates. Non-covalent modification of the cellular glycocalyx through the insertion of lipid-containing glycans into the plasma membrane overcomes this problem (figure 4). Early studies showing that glycosphingolipids with Lewis blood group antigens isolated from plasma were taken up by the membrane of human erythrocytes [73] later led to the development of a modular platform for the synthesis of synthetic glycolipid mimetics which consists of a lipid for membrane insertion, a spacer with tuneable chemical properties and a functional end group consisting of a glycan unit [74] . The glycoconjugates were used to stably remodel the surface of red blood cells with analogues of blood group determinants and verified by serological analysis [75] . In a particularly compelling example of this approach, a synthetic globotriaosylceramide analogue incorporated into the cell membrane inhibited infection by HIV-1 via both inhibition of viral entry and direct viral inhibition [76] .
The initial studies on membrane-supported glycocalyx models (vide supra) paved the way for de novo assembly of glycocalyx structures on the surfaces of living cells [77] . Glycopolymers or polysaccharides [78] functionalized with phospholipid or cholesterol anchors can be passively inserted into the cell membrane. The use of chemically defined glycoconjugates permits the introduction of specific glycan motifs in predefined spatial arrangement and removes the limitations of chemoenzymatic glycan engineering imposed by the specificity of glycosyltransferase enzymes. The compositional complexity of the artificial glycocalyx that can be achieved using this method is not limited to a single glycoconjugate, as multiple glycoconjugates carrying distinct glycan structures and presentation can be introduced simultaneously at tuneable ratios [79] . Thus, the composition and hierarchical organization of the cellular glycoscape can be designed and rapidly constructed to meet specific experimental needs.
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The precision glycocalyx editing approach has been leveraged to elucidate and control vital cellular signalling processes. For instance, sialylated glycopolymer mimetics of mucin glycoproteins were used to recapitulate the hypersialylated glycocalyx of adenocarcinoma cells. The remodelled cells showed the ability to dampen antigen-induced natural killer (NK) cell cytotoxicity by recruiting inhibitory siglec receptors into the immunological synapse [80] . Engineering the GAG component of the cellular glycocalyx to control cellular signalling via growth factors and morphogens has also been an area of active research. Liposomes modified with chondroitin sulfate (CS) GAG polysaccharides were shown to undergo fusion with the membrane of neurons. The cell-anchored CS GAGs potentiated neurotrophin signalling and neurite outgrowth in a sulfation pattern-dependent manner [78] . HS GAG-mimetic polymers with affinity for the fibroblast growth factor 2 and bone morphogenetic protein 4 have also been developed and used to edit the glycocalyx of embryonic stem cells deficient in HS GAG biosynthesis to induce differentiation toward neural [81] and mesodermal [82] germ layer cell types. In yet another application, GAG-mimetic polymers presented at the surfaces of differentiated myotubes facilitated signalling through the motoneuron-derived protein agrin and initiated the clustering of acetylcholine receptors, a process characteristic of the early stages of the neuromuscular synapse formation [83] .
These initial efforts to display glycans of interest with programmable hierarchal complexity at the cell surface have also identified the need for improving material specificity and imparting temporal control over their display. One challenge associated with non-covalent glycocalyx editing is the continuous cellular uptake of the glycomaterials during cell membrane turnover. Optimization of anchoring chemistry led to the discovery that the use of a cholesterylamine anchor greatly extended the cell-surface residence time of the glycoconjugates via a recycling process, whereby internalized glycomaterials are shuttled back to the cell surface [84] . Similar effects can be achieved by integration of glycan motifs with cell-surface proteins with extended cell-surface retention (figure 4). For instance, genetic engineering of embryonic stem cells with the HaloTag protein (HTP) allowed for covalent conjugation of chloroalkane modified GAGs. This approach not only improved the surface half-life of the surface-displayed GAGs and enhanced neural differentiation of the stem cells but it also added an element of cell-specificity as only those cells stably expressing the HTP construct would undergo glycocalyx remodelling. The chemical integration of protein and glycan structures also adds another element of control to the glycocalyx editing process, where a well-defined synthetic glycoconjugate can be merged with existing receptor structures to take advantage of protein-associated biological functions. This was elegantly demonstrated by the generation of glycoprotein chimaeras using an EGF receptor engineered to present an extracellular norbornene for the covalent attachment of a synthetic mucin mimetic domain [85] . In this case, the mucin mimetic was composed of a glycopolypeptide synthesized via N-carboxyanhydride polymerization and terminated with a tetrazine handle to enable cell-surface cycloaddition conjugation with the pre-functionalized EGFR construct.
In constructing de novo glycoscapes or modulating existing glycocalyx structures on living cells, it is important to consider not only the effects on protein recognition and signalling in the new glycocalyx constructs but also their biophysical consequences. It is appreciated that bulky glycoconjugates, particularly mucins and proteoglycans, constitute a physical barrier to cells and contribute to membrane behaviour [60] . The increasing thickness, density and composition of the glycocalyx have been shown to enhance cell adhesivity and survival on soft matrices [86] and promote metastasis in vivo [87] . The mechanisms by which the glycocalyx facilitates integrinmediated metastasis have been shown to be largely biomechanical in nature, with bulky mucin glycoproteins funnelling active integrins into clusters and applying tensile forces. Further, glycocalyx organization may force reorganization of membrane features and local curvature, as was observed in cells modified with both synthetic [59, 88] and genetically encoded [89] glycoconjugates. Cells, and presumably pathogens, use the biophysical properties of the glycocalyx to royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180080 regulate both molecular recognition events and adhesion as well as other glycan-independent signalling processes.
Undoubtedly, precision glycocalyx editing has become a powerful technique for elucidating the role of glycoconjugates at the surfaces of living cells in regulating biological outcomes. Despite the rapid progress in the field, many challenges still remain. In particular, approaches to cellspecifically modify the glycocalyx are limited to instances in which prior genetic manipulation of target cells is feasible. As well, the methods with which synthetic macromolecular glycomaterials can be generated still lack sequence control, such as that provided by the cellular glycosylation machinery, although promising developments in this area are beginning to emerge [90, 91] .
6. Convergent efforts to establish the structure of the native glycocalyx
Efforts to engineer artificial glycocalyx structures have progressed parallel to work toward better understanding the organization of the native glycocalyx, which includes careful systems-level analysis, cataloguing of the various glycocalyx components, and visualization of the glycocalyx and its interactions under physiological conditions. In the absence of methods for direct visualization of glycocalyx structures with molecular resolution, mass spectrometry (MS)-based glycoproteomics technologies [7, 92] have provided the main tool for the study of the composition of glycome. High-sensitivity MS techniques combined with chemical tagging and enrichment of glycoconjugates is beginning to yield information about the interactome of the glycocalyx. The use of tandem MS approaches to profile glycans after glycosidase treatment can give a more complete understanding of the composition and structure of glycans; however, it is unable to capture the full repertoire of glycoproteoforms. When paired with complementary bioinformatics platforms [93] , chemical glycoproteomic approaches allow for the identification of both protein identity and its glycosylation state and identification of disease-associated alterations [94, 95] . A more complete understanding of the molecular interactions and protein recognition events occurring within the compositionally heterogeneous environment of the cellular glycocalyx has been enabled by the development of shotgun glycan array techniques [96, 97] . In this approach, entire collections of glycans harvested from cells are pooled, immobilized on a glass surface and subsequently interrogated with glycan-binding proteins of interest. Collections of glycans exhibiting biologically relevant activities are then analysed by MS and can be further fractionated to determine the identity of the active glycan structures. This strategy has been used to identify endogenous receptors for Influenza virus A [98] and to curate glycan epitopes recognized by cancer cell-specific antibodies [99] . The development of chemical tools combining metabolic oligosaccharide engineering with proximity labelling is beginning to provide information about protein interactions within the native glycocalyx with spatial resolution. Metabolic incorporation of monosaccharides modified with diazirine photoaffinity labels into cell-surface glycoconjugates allows for photo-cross-linking of glycans directly interacting with or in close proximity to proteins and receptors under investigation [100] . These approaches provide a steady stream of data rapidly generating a trove of knowledge about the composition of the glycocalyx and its interactions, which will guide future synthetic glycobiology efforts in their pursuit of revealing how this cellular interface regulates biological processes.
Summary and outlook
Methods by which to systematically manipulate the glycocalyx are numerous and have been instrumental in the elucidation of many structure-function relationships in glycan-mediated biological processes. Among those, the de novo glycocalyx scaffolding using synthetic glycoconjugates with tuneable architectures and functionality holds a prominent position as a particularly powerful tool to approximate the complexity and nanoscale organization of the native glycocalyx and to decipher how the cellular boundary regulates the exchange of information between the cell and its surroundings. The success of these strategies will ultimately rely on our ability to observe with molecular-level detail the native structures comprising the glycocalyx and define which material design parameters will be critical to building truly representative and functional glycocalyx models. Among the currently outstanding challenges is the development of strategies for targeting of synthetic glycomaterials to distinct membrane regions or to specific cells in multicellular systems and for manipulating the dynamics of glycocalyx displays with spatio-temporal control and in response to external stimuli. The field is now well positioned to begin to turn its focus from basic biology research toward the pursuit of the glycocalyx as a target for therapeutic intervention.
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